We report an upscalable perovskite film deposition method combining raster ultrasonic spray 29 (RUS) coating and chemical vapor deposition (CVD). Our method overcomes the coating size 30 limitation of the existing stationary spray, single-pass spray and spin-coating methods. In 31 contrast with the spin-coating method (>90% Pb waste), negligible Pb waste during PbI2 32
concentration results in a smooth PbI2 film with negligible internal cracks and voids. A rough 1 PbI2 film will convert to a rough perovskite film, which is detrimental for the solar cell 2 performance.
34 Therefore low DMSO concentration (DMF : DMSO = 14 : 0.5) is not preferred. 3
To compare performance between the perovskite films formed from compact PbI2 and the films 4 containing internal cracks and voids, we select two DMSO ratios (DMF :DMSO = 14 :0.65 and 5 DMF :DMSO = 14 :1) for the perovskite conversion. 6
FAPb(IxBr1-x)3 formation by RUS-D and RUS-CVD. 7
The two type of RUS-coated PbI2 films are then reacted with FAI, FABr and MACl to form 8
FAPb(IxBr1-x)3 perovskite via two approaches, i.e., a CVD (designated as RUS-CVD) and an 9 optimized dipping approach reported by our group (designated as RUS-D). 58 The peaks at 26.4˚, 37.7˚ belong to the FTO substrate. RUS-CVD 11 processed perovskite film shows much higher intensity of the (-111), (222) and (231) diffraction 12 peaks but lower XRD intensity at (021) than the RUS-D processed perovskite film. These 13 results suggest that the perovskite films prepared by different methods show different 14 crystalline alignment and RUS-CVD processed perovskite film shows a higher overall degree 15 of crystallinity. Moreover, perovskite films prepared by RUS-D show clear PbI2 peaks (12.7˚, 16 38.6˚), similar to our previous study.
34 XRD patterns on the same sample but different positions 17 are similar, suggesting the data are representative for large area ( Figure 4C ). To quantify the 18 PbI2 crystalline phase fraction in the films, we perform the Rietveld refinement based on the 19 XRD results. A negligible PbI2 phase fraction is determined for the films prepared by RUS-20 CVD, while 10±1% (wt) PbI2 is determined for the films prepared by RUS-D (Table S1) . 21 Although a small amount of PbI2 existing at the perovskite grain boundary is reported to be 22 beneficial for the defect passivation, 60 such a large amount of PbI2 is expected to be detrimental 23 to the solar cell performance, due to the absorbance loss. To verify this point, we conduct UV-24
Vis spectroscopy measurements on these films. Indeed, absorbance is lower for the filmsdifferent positions is 6-8 times smaller for the RUS-CVD method at wavelength between 600 1 -700 nm, suggesting the RUS-CVD prepared perovskite film is more uniform at the 2 macroscopic scale (detection area is 0.3 cm × 0.5 cm for each measurement) ( Figure 4D inset) . 3
Absorbance edges for the two perovskite films are both at ~790 nm, agreeing well with that for 4 the FAPb(I0.85Br0.15)3 perovskite.
58

5
Effect of MACl during the perovskite formation. 6
MACl is added for both dipping and CVD conversion processes. In the dipping process, MACl 7 strongly affects the perovskite crystallization process and leaves the films after thermal 8
annealing. 61 We find that creation of MACl atmosphere during the perovskite formation via the 9 CVD process also influences the perovskite crystallization, resulting in increase of the 10 perovskite (-111) and (222) peak intensity ( Figure S5A and S5B) and reduced perovskite film 11 surface roughness ( Figure S5C and S5D). Perovskite converted via CVD with or without MACl 12 atmosphere shows negligible change in the XRD peak position, suggesting that the Cl -amount 13 incorporated into the perovskite lattice is not significant ( Figure S5B) . 62 To study whether FA CVD-converted perovskite films show not only a ~10% higher PL intensity, but also ~5 times 3 narrower PL intensity distribution than dipping-converted perovskite ( Figure 4H , 4I, 4J, Figure  4 S7A-H). Based on the results, we conclude that perovskite films prepared by RUS-CVD 5 method reveal higher uniformity across large area and higher quality than RUS-D from the 6 purity, crystallinity and optical property point of view. 7
Perovskite solar cell/module performance and reproducibility. 8
To study the device performance, we prepare perovskite modules by RUS-CVD and RUS-D on 9 5 cm × 5 cm substrates, where each contains 6 cells connected in series with a total active area 10 of 12.0 cm 2 ( Figure 5A ). A patterned TiO2 layer was deposited by a scalable vacuum sputtering 11 method as the elerctron transporting layer. [63] [64] No mesoporous TiO2 layer is used because of 12 the patterning difficulty. We are not aiming at demonstrating deposition methods for the 13 complete perovskite solar module. Therefore the deposition process for other layers (e.g., hole 14 transport layer) may not be scalable. The modules are patterned by 3 shadow masks. Details of 15 the module geometry are shown in Figure S8 and discussed in the supporting information. Figure 5D and Table S2 ), corresponding to a very low PCE loss/area 24 (defined as (PCEsingle cell − PCEmodule)/(areamodule − areasingle cell)) of 0.14 %/cm 2 .
44 On the other 25 hand, the champion module prepared by RUS-D shows a much lower PCE of 8.6% fromforward to backward scan and a PCE of 6.8% from backward to forward scan ( Figure 5C and 1 Figure S9B ). Performance of the champion RUS-D modules decreases much faster from 13.3% 2 on 2 cm 2 to 8.6% on 12 cm 2 ( Figure 5D and Table S2 ), corresponding to a high PCE loss/area 3 (defined as (PCEsingle cell − PCEmodule)/(areamodule − areasingle cell)) of 0.47 %/cm 2 . Such a big PCE 4 loss/area gap between the two perovskite processing methods indicates that the RUS-CVD 5 perovskite shows higher uniformity and lower series resistance at the perovskite absorber and 6 related interfaces (see Supplementary Information for details of the reasons causing the module 7 performance decrease upon increase of the active area). 8
To study the reproducibility of the two perovskite fabrication approaches, 16 modules ( Perovskite solar module quality and uniformity. 1
To evaluate device quality and uniformity over the entire module area we performed spatially 2 resolved electroluminescence (EL) measurements.
66 While PCE depends linearly on Voc, Isc, 3 and FF, EL intensity (LED efficiency) at a given current is exponentially dependent on quasi-4
Fermi level separation (Voc).
67 Exponential dependence on Voc leads to a much weaker 5 dependence on FF, and EL intensity probes the quality (non-radiative recombination rate) in 6 the absorber without sensitivity to resistive losses that would reduce measured FF in a PCE 7
measurement. Comparison of EL measurements between RUS-CVD and RUS-D modules 8
shows that RUS-D modules have a lower EL intensity in most locations whereas RUS-CVD 9 modules have dramatically higher EL intensity at the same applied current ( Figure 5I and 5J). 10 We plot the EL intensity histogram figure to evaluate the EL intensity as a function of frequency. 11 RUS-D module shows a wide EL intensity distribution between 0-30% relative to the saturated 12 EL intensity, while RUS-CVD module shows over 90% distribution at the saturated EL 13 intensity ( Figure 5K and 5K inset). Such dramatic differences in EL intensity suggest that the 14 RUS-CVD prepared perovskite has much less non-radiative recombination centers induced by 15 defects, which contributes to a higher module Voc and PCE. Figure S10A and S10B) . Similar to other reports, RUS-CVD prepared devices show the initial 3 transient PCE decay (i.e., the exponential regime), which is followed by the linearly decay (i.e., 4 the linear regime) (Figure 6A) . 68 Transient decay is generally recoverable if the device is stored 5 in dark for an extended time.
68 Therefore the T80 parameter, which represents the time when 6 PCE decays to 80%, can be calculated based on the linear decay regime.
68 RUS-CVD prepared 7 devices show an average T80 value of 535 h ( Figure 6A brown line to green line), closing to the 8 highest reported lifetime for planar structured perovskite solar cells.
13 Such a high T80 lifetime 9
suggests that RSU-CVD prepared devices are very stable under the operational condition. In a 10 previous study, we report the poor device stability for the CVD converted FAPbI3 perovskite 11 solar modules due to formation of the yellow non-perovskite phase. 44 Here we demonstrate that 12 by adding 15% Br in the perovskite, stability of the perovskite solar cells is significantly 13
improved. We find all of the Jsc, Voc and FF decay with time and the majority of PCE decay 14 comes from the FF (Figure 6B-D So far, most of the operational stability tests are conducted on small-sized solar cells (e.g., 22
active area ~ 0.1 cm 2 ), not large-sized perovskite solar modules. The non-uniformity issue of 23 the perovskite film is more pronounced on the enlarged substrate, which has more changes to 24 cause the device failure under operation. On the other hand, temperature of the module increases 25 greatly under continuous illumination, which may also affect their performance and lifetime.
45
Thus, it is important to study the operational stability of the perovskite modules at elevated 1 temperature. Here, we conduct the operation stability measurements at the similar condition as 2 for small cells on the FAPb(I0.85Br0.15)3 perovskite solar modules (active area 12 cm 2 ). We 3 monitor the temperature during the operational stability measurements and find that the 4 temperature rapidly increases from 25.0 ˚C to > 46.0 ˚C during the first 1000 s ( Figure 6E ) and 5 stabilizes in the following period ( Figure 6F ). RUS-CVD prepared module follows the PCE 6 decay behavior of RUS-CVD prepared small cells, including an initial exponential decay 7 regime and a linear decay regime ( Figure 6E and 6F) . After 1200 min operation, the module 8 still shows a PCE of 13.3%, with only 0.2% PCE decay comparing to the module PCE after an 9 initial transient decay. This result suggests that the RUS-CVD prepared device is quite stable 10 at temperature of up to 46.0 ˚C. We measured the operation stability of another RUS-CVD 11 prepared perovskite module under the same condition until the device decayed to less than 80% 12 of its initial PCE. The RUS-CVD prepared device shows a long T80 lifetime of 388 h ( Figure  13 6G brown line to green line). Comparing with the very few operational stability reports on the 14 perovskite solar modules 46, 70 , our RUS-CVD prepared module is very stable under such 15 measurement conditions. In comparison, RUS-D prepared perovskite module shows 65% PCE 16 decay from 8.1% to 2.8% after 1200 min operation. In addition, we also study the module 17 storage stability. One RUS-CVD prepared module and one RUS-D prepared module are stored 18 in dark N2 atmosphere (15% relative humidity) and measured in ambient air (~50% relative 19 humidity). After 3600 h, RUS-CVD prepared module still shows a PCE of 13.4%, with a 20 relative PCE decay of 3.6% ( Figure 6H ). In comparison, RUS-D prepared module shows a PCE 21 of 3.3% and a relative PCE decay of 47.4%. Based on all the stability results, we think the RUS-22 CVD method is not only a scalable perovskite deposition method but also present promising 23 device stability on the solar module size. Lead waste during the perovskite deposition process as a function of substrate size. Lead waste 10 during the RUS-CVD process continuously decreases until negligible, much less than that 11 generated during the spin-coating process. 12 perovskite film decomposition and FA + ion migration behavior result in different device 10 operational stability. 11 12 13 
